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Objective: After the Fontan operation the right atrium and, thus, the 
coronary sinus are connected to the pulmonary arterial system, which 
causes the coronary venous pressure to increase. We investigated the acute 
effects of elevation of coronary venous pressure on baseline hemodynamics, 
coronary venous flow, and left ventricular contractility. Methods: In acutely 
instrumented pigs, during complete right heart bypass and during constant 
cardiac output, pressure in the right atrium, right ventricle, and coronary 
sinus was altered by a height-adjustable r servoir. At various levels of 
coronary venous pressure (up to 4 kPa or up to 30 mm Hg), flow from the 
reservoir was measured and left ventricular hemodynamics and contractil- 
ity were measured from catheter-derived left ventricular pressure and 
(conductance) volume data. Contractility of the left ventricle was assessed 
by the end-systolic pressure-volume relationship derived during an unload- 
ing intervention by adjusting the bypass pump speed. Results: Left ventric- 
ular end-diastolic pressure increased slightly (about 5%) with each kJlo- 
pascal increase in coronary venous pressure, most likely related to diastolic 
ventricular interaction. No other changes in hemodynamic parameters 
occurred. Neither coronary venous flow nor left ventricular contractility 
was influenced by changes in coronary venous pressure. Imposing myocar- 
dial stress with dobutamine, 10 ~g/kg per minute, did not change these 
findings. Conclusion: Increasing coronary venous pressure to 4 kPa in the 
intact circulation with intact autoregulation does not affect coronary flow or 
left ventricular contractility. We found no experimental evidence for the 
usefulness of diversion of the coronary sinus to the left atrium during 
Fontan-type operations (J Thorac Cardiovasc Surg 1997;114:560-7) 
From the Cardiac Physiology Laboratory, Departments of Car- 
diology a and Cardiothoracic Surgery, b University Hospital 
Leiden, The Netherlands, and Cardiovascular Research Insti- 
tute, cUniversity of California, San Francisco, Calif. 
This study was made possible by a grant from The Netherlands 
Heart Foundation (grant 90.293). 
Received for publication Dec. 4, 1996; revisions requested Jan. 
15, 1997; revisions received April 23, 1997; accepted for 
publication April 28, 1997. 
Address for reprints: Jan Baan, PhD, Cardiac Physiology 
Laboratory, Department of Cardiology, C5-P University 
Hospital Leiden, P.O. Box 9600, 2300 RC Leiden, The 
Netherlands. 
*Current address: Department of Cardiothoracic Surgery, Uni- 
versity Hospital Rotterdam/Dijkzigt, Dr.Molewaterplein 40, 
3015 GD Rotterdam, The Netherlands. 
Copyright © 1997 by Mosby-Year Book, Inc. 
0022-5223/97 $5.00 + 0 12/1/82919 
p atients born with one functional ventricle will 
generally benefit clinically from a Fontan oper- 
ation. After this operation, systemic venous pressure 
increases to maintain pulmonary blood flow and 
thus cardiac output. This increase is associated with 
an increase in coronary venous pressure, because 
the classic Fontan operation incorporates the coro- 
nary sinus in the venous circulation. Because of 
putative adverse effects of this increased coronary 
venous pressure, some surgeons have advocated that 
flow through the coronary sinus be redirected to the 
left atrium] s The ensuing small arterial desatura- 
tion would be offset by the advantages of normal 
coronary venous pressure. 
Several studies have been undertaken to investi- 
gate the effects of coronary venous pressure on 
coronary flow and myocardial perfusion. Most of the 
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older studies, undertaken to understand the physi- 
ology of the coronary circulation, have shown a 
negative effect of increased coronary venous pres- 
sure on myocardial perfusion. This has led to the 
hypothesis of a venous waterfall mechanism. How- 
ever, more recent studies have vastly increased our 
understanding of coronary physiology, and a venous 
waterfall mechanism is no longer believed to exist. 
On the other hand, surprisingly little research has 
been done on the effects of coronary venous pres- 
sure on left ventricular contractility. After all, ade- 
quate myocardial peffusion is necessary for ade- 
quate myocardial function. In fact, only three such 
studies have been undertaken. Although they were 
similar in setup, they have shown contradictory 
results. A study in dogs 2 showed a negative ffect of 
coronary sinus pressure on left ventricular function, 
whereas one study in sheep 4and one in lambs 5could 
not confirm those findings. These previous studies 
used coronary sinus balloons to increase coronary 
venous pressure. This technique has an important 
limitation: it overlooks the fact that coronary venous 
drainage takes place not only in the coronary sinus 
but also directly and to a substantial extent into the 
right atrium and right ventricle by means of thebe- 
sian veins. Drainage into the left ventricle occurs to 
a much lesser degree. Moreover, this noncoronary 
sinus flow will increase if coronary sinus pressure 
increases/' We therefore developed a model to 
increase coronary venous pressure by increasing the 
pressure in both the right atrium and right ventricle, 
matching the clinical setting of the Fontan circula- 
tion. This made it necessary to bypass the right 
chambers of the heart and exclude them from the 
circulation, In this way we could maintain constant 
pulmonary blood flow and cardiac output and in- 
crease the pressure in the right side of the heart by 
means of a reservoir in a stepwise fashion. 
We hypothesized that increasing pressure in the 
drainage area of the coronary circulation (coronary 
sinus, right atrium, and right ventricle) under con- 
stant cardiac output would adversely affect left 
ventricular contractility by reducing coronary blood 
flow. We also investigated whether increased myo- 
cardial stress by dobutamine would alter the effect 
of coronary venous pressure on left ventricular 
contractility. These questions were investigated in 
acutely instrumented, open chest, young pigs. 
Methods 
Instrumentation. The surgical and experimental proce- 
dures used were reviewed and approved by the animal 
research committee of the Leiden University. Eight young 
pigs, weighing 28.3 +_ 7.9 kg, were used for this study. 
Anesthesia was induced and maintained by an intravenous 
combination of c~-chloralose (100 mg/kg) and morphine 
(0.1 mg/kg), and the pigs were ventilated throughout the 
study. The animals were lying on a heating pad to 
maintain ormal rectal temperatures. Both carotid arter- 
ies and jugular veins were dissected for arterial and 
venous access. Both vagal nerves were dissected and cut to 
prevent vagal stimulation of the heart. Next, the thorax 
was opened through a midline sternotomy and the peri- 
cardium was retracted by stay sutures. Heparin was ad- 
ministered (3 mg/kg) and the pulmonary artery was dis- 
sected and cannulated with a regular arterial cannula. The 
cannula was connected to the "arterial" side of a bypass 
circuit (described later). A snare was placed around the 
pulmonary artery proximal to the cannutation site for the 
purpose of closing off the vessel between the cannula nd 
the pulmonary valve later on. Next, both caval veins were 
cannulated with adequately sized metal hooked venous 
cannulas and connected to the "venous" side of the bypass 
circuit. Immediately thereafter; extracorporeal circulation 
was started. Once the animals were supported by bypass, 
snares were placed proximal to the caval cannulas to 
occlude the caval veins at their entrance into the right 
atrium later on. Also, the hemiazygos and azygos veins 
were dissected, ligated, and transected. A large (30F) 
venous cannula was inserted through the right auricle, 
through the tricuspid valve, and into the right ventricle. 
Additional holes in this cannula assured free drainage of 
blood from both the right atrium and right ventricle. This 
cannula was connected to a height-adjustable reservoir, 
which in turn drained into the venous reservoir of the 
bypass circuit. Finally, the pulmonary artery and cavat 
snares were snugged, resulting in complete isolation of the 
right side of the heart from the circulation, with only 
coronary venous blood draining in the right atrium and 
ventricle and, subsequently, draining through the large 
cannula into the height-adjustable reservoir. 
The bypass circuit was a regular cardiopulmonary b - 
pass system, without an oxygenator. It consisted of a large 
open venous reservoir with a heat exchanger, which was 
connected on its input side with the two caval cannulas 
and which received the overflow of the height-adjustable 
coronary venous reservoir (homemade). Its output was 
connected to a roller pump and the arterial cannula in the 
pulmonary artery. In the arterial tubing an in-line EM 
flow probe (Skatar, Delft, The Netherlands) was used to 
measure flow, and thus cardiac output, only for monitor- 
ing purposes during the experiment. The speed of the 
pump was adjusted to maintain ormal cardiac output for 
pigs of this size (experience from the experimental surgery 
laboratory of our institution: approximately 70ml/kg per 
minute). 
So that instantaneous left ventricular volume could be 
measured, an appropriately sized (7F, 7 to 10 mm inter- 
electrode distance) dual-field conductance atheter (Web- 
ster Labs, Baldwin Park, Calif.) was advanced through one 
of the carotid sheaths into the left ventricle and connected 
to a Sigma 5-DF signal-conditioner-processor (CardioDy- 
namics, Leiden, The Netherlands) to convert instanta- 
neous conductance measurements to volume. The dual 
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field was set at 0.25× original field. 7 Parallel conductance 
was measured by means of the salt injection technique. 8 A 
side port of a connector just before the arterial cannula in 
the pulmonary artery was used as the injection site for the 
hypertonic saline solution. Left ventricular pressure was 
measured with a 6F-tip micromanometer (Braun Medical, 
Best, The Netherlands), which was advanced through the 
other carotid sheath into the left ventricle. All analog 
signals were displayed on a paper ecorder and screen for 
continuous monitoring. The left ventricular pressure and 
total left ventricular volume signals were also displayed on 
an X-Y oscilloscope for continuous monitoring of pres- 
sure-volume loops. All analog signals were digitized with 
12-bit accuracy on an IBM-compatible microcomputer, at 
a sampling rate of 200 Hz, and saved on a hard disk for 
subsequent analysis. 
Study protocol. After completion of the surgical 
preparation, a 30-minute period was allowed for the 
pigs to reach hemodynamic stability. To determine 
whether increased coronary venous pressure would 
change left ventricular contractility, we randomly 
changed coronary venous pressure by adjusting the 
height of the coronary venous reservoir from 0 to 40 cm 
HeO (which corresponds to 0 to 30 mm Hg or 0 to 4 
kPa) in an average of seven steps. Right ventricular 
phasic pressures were about 5 mm Hg above and below 
the set level of the reservoir at the highest level of the 
reservoir. After reaching a new level of coronary venous 
pressure, we waited for 15 minutes before taking new 
measurements. Coronary venous flow was measured by 
timed collection of the blood draining from the height- 
adjustable reservoir, which was connected to the right 
side of the heart. Samples of this same blood were taken 
for measurement of venous oxygen saturation. Coro- 
nary arteriovenous oxygen content difference was cal- 
culated from oxygen saturation of arterial and venous 
blood samples and hemoglobin concentration. Left 
ventricular contractility was measured from instanta- 
neous left ventricular pressure and volume during an 
unloading intervention. Unloading of the heart was 
achieved by decreasing the pump speed in a few 
seconds. When left ventricular pressure had dropped to 
at least half its baseline value, the speed of the pump 
was returned to its original evel. The entire unloading 
intervention did not take more than 20 seconds. From 
the baseline left ventricular pressure and volume data, 
several hemodynamic parameters were calculated: 
heart rate, stroke volume, end-diastolic volume and 
pressure, end-systolic volume and pressure, stroke 
work, and maximum rate of pressure rise (dP/dtm~×). 
From the left ventricular pressure-volume loops regis- 
tered during the unloading intervention, contractility was 
assessed with the use of three indices: the end-systolic 
pressure-volume r lationship (ESPVR9), the dP/dtm~- 
end'diastolic volume relationship (dPEDVRm), and the 
preload recruitable stroke work (PRSW~). 
To investigate the effect of/3-adrenergie stimulation on 
the possible influence of coronary venous pressure on left 
ventricu!ar contractility, we repeated this protocol after 
the administration of dobutamine, 10 ~g/kg per minute. 
This drug increases coronary perfusion, myocardial oxy- 
gen consumption, and contractility. 
Calculations. Coronary" arteriovenous oxygen content 
difference was calculated as follows: 
ckCA~ - (O2Sata,,~ O2Sat~en) " Hemoglobin tgm/L) • 13.6. 
Baseline hemodynamic variables were calculated from the 
mean of five to ten beats in each run before an unloading 
intervention. They include heart rate (determined from 
the mean R-R interval of the surface electrocardiogram), 
which varied minimally during the unloading intervention 
since vagal responses were blocked by vagotomy; stroke 
volume, which was calculated as the difference between 
end-diastolic and end-systolic (conductance catheter-de- 
rived) volumes: and cardiac output, which was calculated 
as the product of heart rate and stroke volume (conduc- 
tance catheter). The dP/dt . . . .  was calculated from the first 
derivative of the left ventricular pressure signal, and 
stroke work was calculated from the area contained within 
the pressure volume loop, or fPdV. Both of these vari- 
ables were calculated from each heartbeat during the 
unloading intervention (discussed later). 
Contractility was assessed by means of three indices, the 
end-ejection phase index ESPVR, the preejection phase 
index dPEDVR, and the ejection phase index PRSW. The 
ESPVR was calculated from an unloading intervention by 
first determining, m every heartbeat, end-systole as the 
point of maximal elastance, 9 using an iterative tech- 
nique. ~2 and then regressing end-systolic pressure against 
end-systolic volume. The slope of this regression line is 
called end-systolic elastance, or E~s. We calculated the 
dPEDVR and the PRSW by linearly regressing, respec- 
tively, dP/dtm~ and stroke work against end-diastolic 
volume of the same beats of the unloading intervention. 
Each relationship was characterized by a slope; an in- 
crease in the slope of these relationships has been shown 
to represent an increased contractile state, t° 11, 13 
Statistical analysis, We analyzed the effects of coro- 
nary venous pressure using a multiple linear regression 
implementation f analvsis of variance] 4'~5 Each depen- 
dent variable Y (such as cardiac output and E~) was 
regressed against coronary venous pressure (CVP) and 
dummy variables, coding for interanimal variability (P). 
The regression equation is represented by the following: 
7 
Y = ao + acCVP + ~ a~P~ 
i=1 
where a o is the intercept of the equation, representing the 
overall mean of the dependent variable, and the a c 
associated with coronary venous pressure represents the 
coefficient of the effect of coronary venous pressure on the 
dependent variable of interest. The interanimal variability 
P~ was introduced in the equation for statistical purposes 
and its value will not be reported. 
Inasmuch as contractility was also assessed uring in- 
creased adrenergic stimulation, we used a new statistical 
model to include the effect of dobutamine by introducing 
a new dummy variable in the equation (D), which was 
assigned avalue of 0 for the control state and a value of 1 
for the dobutamine state. An interaction term (CVP • D) 
was also included to represent the possible change in the 
relation between coronary venous pressure and the de- 
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pendent variable when dobutamine was present. The 
coronary venous pressures were normalized to prevent 
collinearity. 14 The new equation is represented by the 
following: 
7 
Y = ao + acCVP' + aaD + acdCVP' • D + ~ ap~Pi 
i=l 
where CVP' is the normalized coronary venous pressure. 
Results of multiple regression analysis are presented as 
value +__ standard error of the mean. All other data are 
presented as mean _+ standard eviation. 
Results 
Fig. 1 illustrates the effect of increased coronary 
venous pressure on contractility and coronary venous 
flow in a representative pig. Baseline values for some 
hemodynamic variables are listed in Table I, together 
with the results of the multiple linear regression anal- 
ysis of the effect of coronary venous pressure change 
on each variable. Baseline hemodynamics were normal 
for the pigs we used. Cardiac output, stroke volume, 
end-systolic and end-diastolic volume, end-systolic 
pressure, stroke work, and dP/dtm~ x did not change 
significantly with increasing coronary venous pressure. 
Heart rate and end-diastolic pressure, however, did 
increase significantly with coronary venous pressure. 
Each kilopascal increase in coronary venous pressure 
increased heart rate with 4 beats/min and increased 
end-diastolic pressure by 0.06 kPa ( -6% of baseline 
mean, see Table I). 
Baseline coronary venous flow was about 4% of 
cardiac output, indicating that this venous outflow 
of the coronary system was a reasonable stimate of 
myocardial perfusion. Dobutamine doubled coro- 
nary flow and myocardial oxygen consumption, with- 
out altering the arteriovenous oxygen content dif- 
ference (Table II). Surprisingly, none of these 
variables changed with increasing coronary venous 
pressure, either before or after increasing myocar- 
dial stress with dobutamine. 
Contractility-, assessed by three independent indi- 
ces, did not change when coronary venous pressure 
increased (Table II). Dobutamine, however, in- 
creased all indices as evidence of the positive ino- 
tropic effect of dobutamine. For all indices the 
interaction between dobutamine and coronary ve- 
nous pressure turned out to be nonsignificant; in 
other words, after increasing contractility and myo- 
cardial oxygen consumption, there still was no effect 
of increased coronary venous pressure on left ven- 
tricular contractility. This is also exemplified by the 
data presented in Fig. 1. 
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Fig. 1. Contractility, assessed by the slope of the ESPVR 
(Ees), and coronary venous flow measured at different 
levels of coronary venous pressure, before and after the 
administration f dobutamine, 10/,g/kg per minute, in a 
representative pig. Neither contractility nor coronary ve- 
nous flow was affected by coronary venous pressure. 
Increased cardiac stress by dobutamine increased coro- 
nary venous flow and contractility under all circumstances 
but did not change the lack of correlation with coronary 
venous pressure. 
Discussion 
We have not found any effect of increasing coro- 
nary venous pressure from 0 to 4 kPa (30 mm Hg) 
on either left ventricular contractility or coronary 
venous flow. The only hemodynamic parameters 
that changed significantly were heart rate and end- 
diastolic pressure; the others, including end-dia- 
stolic volume, did not change significantly. Inducing 
stress with dobutamine, which doubled myocardial 
oxygen consumption, did not affect these findings. 
Although several studies have addressed the ef- 
fects of coronary venous pressure on myocardial 
blood flow, very few have studied the effects on 
myocardial function. Ilbawi and associates 2 studied 
the effects of coronary sinus pressure levation (by 
balloon occlusion of the coronary sinus) on myocar- 
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Table I. Hemodynamic variables" during baseline and changes in coronary venous pressure 
Multiple linear regression analysis 
Baseline 
(mean ++- SD) R Coeficient +_ SEM A %/ACVP1 ~eo 
HR (beats/rain) 111.1 _+ 18.1 0.96 4.22 + 0.73* +4% 
SV (ml) 17.8 -+ 4.9 0.85 -0.41 + 0.36 -2% 
CO (L/rnin) 1.98 _+ 0.61 0.81 0.02 -+ 0.05 +1% 
ESV (ml) 17,8 _+ 8.0 0.64 -0.49 +- 1.00 -3% 
EDV (ml) 30.6 _+ 10.1 0.64 -1.15 _+ 1.28 -4% 
ESP (kPa) 10.84 _+ 2.31 0.87 -0.26 _+ 0.14 -2% 
EDP (kPa) 1.02 _+ 0.45 0.92 0.06 + 0.02* +6% 
SW (kPa- ml) 162 _+ 61 0.86 -8.7 -+ 4.6 -5% 
dP/dtma x (kPa/s) 219 + 134 0.55 -15.8 + 8.4 =7% 
Baseline means -+ standard eviation (SD) and results of multiple linear egression analysis, where each variable is regressed against coronary venous pressure 
(in kilopascals) and interanimal variability (see Methods for detailed explanation). R, Regression coefficient of each regression analysis; coeficient +_ SEM, 
coefficient and standard error of the mean for coronary venous pressure; the last column gives the predicted change in the variable as a percentage for each 
kilopascal (7.5 mm Hg) increase in coronary venous pressure. HR, heart rate; SV,, stroke volume; CO, cardiac output; ESV, end-systolic volume; EDV, 
end-diastolic volume; ESP, end-systolic pressure; EDP, end-diastolic pressure; SW, stroke work; dP/dt,~, maximal first derivative of left ventricular pressure. 
*p < 0.05. 
dial blood flow and left ventricular function in dogs. 
They found a significant drop in coronary sinus flow, 
cardiac index, and left ventricular dP/dtm~,. Unfor- 
tunately, they did not correct dP/dtma ~for the pos- 
sible and likely change in preload (cardiac index 
decreased significantly); therefore, it is hard to draw 
definite conclusions about left ventricular contrac- 
tility on the basis of the provided information. 
Moreover, the reported coronary sinus blood flow 
values (mean 13.5 ml/min at baseline) are extremely 
small, suggesting considerable noncoronary sinus 
drainage (thebesian flow). Increased coronary sinus 
pressure could drop coronary sinus blood flow by an 
increase in the thebesian flow. Why cardiac index 
dropped in Ilbawi's study remains unclear. 
Ward, Fisher, and Michael, 4studying sheep, used 
a study design similar to the one used by Ilbawi's 
group, 2but in addition measured myocardial blood 
flow by radioactive microspheres. They found no 
change in myocardial b ood flow and left ventricular 
contractility when coronary venous pressure was 
elevated by balloon occlusion of the coronary sinus. 
They hypothesized that the difference between their 
study and Ilbawi's might have been caused by inter- 
species differences of coronary venous anatomy and 
thus in the role of thebesian flow. This conclusion is
not supported by our findings, inasmuch as we 
increased the pressure in both the coronary sinus 
and the right-sided thebesian vessels. Because the 
thebesian flow into the left ventricle is extremely 
small 6 and unlikely to play an important role, we 
trust hat in our study coronary venous pressure was 
truly elevated. Miura and coworkers s studied iso- 
lated lamb hearts and did find a decrease of coro- 
nary blood flow, but without an effect on ventricular 
contractility. In this last respect heir findings are 
corroborated by ours. 
These studies are the only known studies to have 
investigated the effects of elevation of coronary 
sinus pressure on left ventricular contractility. Other 
studies, however, designed to study the physiology 
of the coronary circulation, have reported no hemo- 
dynamic effects of increased coronary venous pres- 
sure. 1621 These reports include studies in isolated 
and intact circulations in dogs and swine. In fact, a 
decrease in coronary flow, after an increase in 
coronary venous pressure, was compensated by in- 
creased oxygen extraction to maintain oxygen supply 
in the normal range, whereas no lactate production, 
as evidence of myocardial hypoxia, was found] 6' 21 
An explanation for the small but significant in- 
crease in heart rate with increasing coronary venous 
pressure is most likely a direct effect on the sinus 
node or an extracardiac effect; as myocardial perfu- 
sion and contractility did not change, they cannot be 
held responsible for this effect. The increase in right 
atrial pressure and volume leads to atrial and thus 
sinus node stretch, which has been shown to in- 
crease heart rate by virtue of the so-called "Bain- 
bridge" reflex. 22' 23 
To explain the increase in end-diastolic pressure, 
we have to discuss the mechanical effects of in- 
creased pressure and volume in the right atrium and 
ventricle on the left ventricle, as happens in this 
model when the height-adjustable reservoir is ele- 
vated. End-diastolic pressure increased without con- 
comitant increase in end-diastolic volume; in fact, 
there was a parallel upward shift of the end-diastolic 
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Table II. Myocardial oxygen consumption and indices of contractility during baseline; their change with 
dobutamine infusion and increased coronary venous pressure 
Multiple linear regression analysis 
Dobutamine CVP Interaction 
Baseline R 
Dependent variable (mean +_ SD) equation Coef ± SEM % Change Coef ± SEM Coef + SEM 
Qco~ venou~ (ml/min) 86.2 + 51.5 0.89 +83.4:2 10.9" +97% -1.0 +_ 6.0 -11.3 ± 8.2 
ACa-vo2 (rnl/L) 75.8 -- 12.2 0.92 -1.8 -± 2.0 -2% 1.1 -+ 1.1 1.6 --- 1.6 
MVO2 (ml/min) 7.8 + 4.2 0.90 +12.7 +- 0.7* +163% 0.2 +_ 0.4 0.2 + 0.6 
Ees (kPa/ml) 0.62 _+ 0.15 0.76 +0.83 + 0.11" +132% -0.00 _+ 0.06 -0.08 +-- 0.09 
dPEDVR (kPa/sec/ml) 5.06 _+ 1.65 0.86 +41.82 +_ 3.56* +826% -1.04 +_ 1.93 1.19 ± 2.65 
PRSW (kPa) 8.90 _+ 1.80 0.78 +13.62 + 1.70" +153% -0.18 + 0.91 1.62 + 1.31 
Baseline means + standard eviation (SD) and result of multiple linear regression analysis, where each variable is regressed against dobutamine, coronary 
venous pressure, and interanimal variability (see Methods for detailed explanation). R equation, The regression coefficient for the regression analysis of that 
dependent variable; the dobutamine coefficient represents he change in the dependent variable after the administration f dobutamine (10/~g/kg per minute); 
CVP, coronary venous pressure: this coefficient represents he change in the dependent variable with each kilopascal change in CVP; the interaction coefficient 
represents he change in the relationship between coronary venous pressure and the dependent variable after dobntamine administration; Q~or ,,~no,,, 
coronary venous flow; ACa,vo2, arteriovenous oxygen content difference; MV02, myocardial oxygen consumption; Eel, end-systolic elastance; dPEDVR, 
dP/dt~, - end-diastolic volume relationship; PRSW, preload recruitable stroke work. 
*p < &05. 
pressure-volume relationship. This implies de- 
creased ventricular distensibility and not altered 
stiffness. For this reason it is unlikely that the 
diastolic properties of the left ventricle changed: 
that would have been reflected by an altered stiff- 
ness. The shift in the end-diastolic pressure-volume 
relationship is more likely caused by an increase in 
right ventricular volume accompanying the induced 
24 increase in right ventricular pressure. Although we 
did not find an obvious diastolic dysfunction, it is 
important to consider the detrimental effects of 
diastolic dysfunction for the Fontan circulation. In 
such a circulation, the entire cardiac output is 
dependent on the balance between the pulmonary 
vascular esistance and the pressure gradient across 
that pulmonary vascular bed. Any increase in left 
ventricular end-diastolic pressure would decrease 
that gradient and thus cardiac output. It should be 
emphasized, however, that the increase in end- 
diastolic pressure we found is inherent o our model, 
and not caused by the increase in coronary venous 
pressure, as has been argued earlier. 
The mechanical effects of elevated right atrioven- 
tricular pressure and volume could also have poten- 
tial systolic interactive ffects. Qualitative informa- 
tion from Weber and colleagues 2 says that under 
physiologic ircumstances the effect of right ventric- 
ular systolic pressure on left ventricular pressure is 
minimal, unless left ventricular pressure is reduced 
to hypotensive l vels. Quantitatively, systolic gain or 
cross-talk, calculated as the ratio or percentage of 
end-systolic elastance of one ventricle versus the 
other plus the septum, has been reported to be 
about 15% 26 for right-to-left gain and is substan- 
tially affected by the absence of the pericardium. 27
On the basis of this information, large changes in 
contractility, end-systolic pressure, or stroke volume 
are unlikely to occur. Indeed, the changes in systolic 
parameters we found were small and not significant. 
Potential limitations of this study. We did not 
increase the pressure and thus resistance ~ in all the 
possible coronary venous systems, but only those 
entering the coronary sinus and right atrium and 
ventricle, and not the thebesian flow into the left 
ventricle. We think this is justified for several rea- 
sons. First, our study was designed to answer the 
question whether patients having the Fontan oper- 
ation have negative contractile ffects of increased 
coronary sinus pressure. In those situations the 
pressure in the right side of the heart, and not the 
left side of the heart, is elevated exactly in the same 
manner as in our study. Second, the thebesian flow 
to the left ventricle is very small, even under condi- 
tions of elevated coronary sinus pressure. 6 Finally, if 
left-sided thebesian flow would increase under any 
circumstance, it would cause a slight arterial desatu- 
ration, which did not occur. These considerations 
also apply to the fact that we measured myocardial 
perfusion by coronary venous outflow. However, it is 
possible that regional differences in flow and extrac- 
tion remained undetected by our methods. We 
considered them small and unimportant, especially 
as the right ventricle hardly performed any work. 
A second limitation of the study might be that we 
were not able to simulate the situation of the 
stressed heart completely: when a patient who has 
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had a Fontan operation performs exercise and thus 
increases ystemic venous, right heart, and coronary 
venous pressures, this condition is only partially 
mimicked by the administration of dobutamine. 28
Nevertheless, the dosage that we used did increase 
contracti l ity (Ees , dPEDVR,  PRSW), coronary flow, 
and myocardial oxygen consumption substantially, 
making it unlikely that we should have missed an 
adverse effect of coronary venous pressure on con- 
tractile parameters. In a patient who had had the 
Fontan operation, who has been subjected to long- 
lasting volume overload and cyanosis, has under- 
gone multiple surgical procedures, and probably has 
a morphologically inferior ventricle, however, re- 
serves might be much more limited than in these 
"healthy" pigs. 
Finally, it is important to consider the possible 
long-term effects of elevation of coronary sinus 
pressure, as mentioned before. Our study has fo- 
cused on the acute effects of elevation of coronary 
venous pressure on myocardial function, which are 
hypothetically mediated by effects on myocardial 
perfusion and acute congestion. During chronic 
elevation, other mechanisms may impair ventricular 
function. These include chronic congestion and 
myocardial edema, which might alter diastolic filling 
characteristics and might be detrimental for the 
patient having the Fontan operation, as has been 
discussed earlier. These chronic effects need to be 
addressed either in a long-term model of the Fontan 
circulation or in a model with chronically elevated 
coronary sinus pressure; unfortunately, these mod- 
els are not yet available. 
Conclusions 
The present study in intact, acutely instrumented 
pigs with presumably intact coronary autoregulation 
has shown no effect of elevation of coronary venous 
pressure to 4 kPa on hemodynamics, coronary flow, 
and left ventricular contractility. Increasing myocar- 
dial oxygen consumption with dobutamine did not 
change these findings. Coronary blood flow is not 
limited by the pressure in the venous part of the 
coronary circulation, but it seems more likely to be 
governed by the pressure in the arterial part of the 
coronary circulation, the intraventricular pressure, 
and the extensive autoregulatory ability of the cor- 
onary vascular bed. These data, therefore, do not 
support the belief in the desirability to divert the 
coronary sinus to the left atrium during Fontan-type 
operations, specifically not for the postoperative 
phase. 
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